In the present experiment on low-energy ions implanted into seeds, factors such as the unique microstructure of the seeds, the energy and injection mode of the ions, the step diameter and scattering angle of the ions after collision, and the collision energy loss between ions and atomic nuclei or electrons are considered. A modified model for ions implanted into seeds is established. The range distribution is simulated for vanadium, titanium, and iron ions (V 
Introduction
Cell mutagenicity effects caused by ions implanted into plant seeds have been the topic of considerable research (Si et al. 2012 , Huang et al. 2014 , Cao et al. 2015 , Wang et al. 2013 , Lara et al. 2015 , Guo et al. 2015 , Li et al. 2015 . The physical mechanism of the seed mutagenic effects focuses on the range distribution of ions implanted into the seeds. The TRIM program is only suitable for penetration range calculations for dense and homogeneous target materials (Lindhard and Winther 1964) . However, the plant seed is a specific low density, non-uniform target material with many microholes. Therefore, a new calculation model needs to be established for the range distribution of ions implanted into plant seeds. Based on previous work in the literature (Wang et al. 2005 (Wang et al. , 2010 (Wang et al. and 2011 , various factors are considered, such as the unique microstructure of the seeds, the energy and injection mode of ion implantation, the step diameter and scattering angle of the ions after collision, and the collision energy loss between ions and atomic nuclei or electrons. Following these considerations, a theoretical hypothesis is proposed and a new calculation method is established. The range distribution is calculated for V 
Materials and Methods
The function (Wang et al. 2011 ) of the nuclear collision energy loss calculated by the TRIM program is modified. The nuclear collision energy loss (d / d ) n E x is shown in Table 1 . The parameter A is expressed as follows:
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where, Z 1 is atomic number of the ion, M 1 is the average mass number of the ion, Z 2 is average atomic number of the seed, M 2 is the average mass number of the seed, N is the average number of target atoms per unit volume, and E is the incident energy. By comparing this with the experimental data, the total collision energy loss correction factor w was determined. The range of the implantation ions R x can then be calculated using the total collision energy loss as follows: Based on the model in the literature (Wang et al. 2005 (Wang et al. , 2010 (Wang et al. and 2011 and considering the interaction between ions and atomic nuclei in the seed, the target is divided into 5000 layers starting from the injection surface with a layer spacing of 0.01 μm, with the interval density function ( ) L  along the direction of the injection surface. The target model is presented in Fig. 1 . Assuming only direct interaction between the ions and atoms in the seeds, the nuclear collision energy loss function in the literature (Wang et al. 2011) needs to be modified. The nuclear collision energy loss is shown in Table 1 . The target density function ( ) L  is expressed as follows:
where 0  is the average target density, N A is Avogadro's constant, M 2 is the average quality number of targets, Δ z is the atomic percentage, and Y z is the atomic mass of C, H, O and N atoms. The other parameters are listed in Table 2 (Wang et al. 2005 , Wang et al. 2010 , 2011 and 1987 , Lu 2005 . In general, the microstructures of the different seed target materials differ in terms of atomic density, atomic species, and micropore distribution. The range, scattering angle, and energy loss of the ions are also different after the collision between the ions and target atoms. Therefore, the step length 
 is random after each collision. It is assumed that the target density is constant within the same 0.01 μm interval, and the target density of the different intervals varies in the range 
The parameters 1 fa , 2 fa , 3 fa , and fa in the above formulas are uniformly pseudo-random numbers in the range 0 -1. Finally, it is assumed that only direct interaction exists between the implanted ions and target atoms, ignoring secondary and other effects. Based on the above assumptions, the ions can be tracked, the number of ions per 1 μm of thickness can be recorded, and the distribution range for the ions implanted into the seeds can be obtained along the injection direction. The calculation flow is shown in Fig. 2 , T and F in the figure represent true and false, respectively.
Results and Discussion
The transport processes of the implanted ions are simulated using the Monte-Carlo method (Wen et al. 2012) . The relationship between the position J 1
x  and the energy J 1 J 1 ( ) E x   of the ions is given by using the FORTRAN programming language, pseudo-random numbers in the range from 0 -1 are obtained by calling auxiliary functions (William 1997) . Under the conditions of the modified model and theoretical assumptions, this calculation program is used to obtain the range distributions of different ions implanted into different seeds, as shown in Fig. 3 . All the curves have been normalized. The most probable range is taken as the location with the maximum probability of ions. Fig. 3 a-g shows the results of systematic simulations and experimental measurements of the range distributions for V + , Ti + , and Fe + ions implanted into peanut, cotton, and wheat. The basic distributions, trends, and trailing edges of the curves are consistent with the experimental results, but for the range from 0 -2 μm, there is a relatively large discrepancy between the computational and experimental results. Some possible reasons for this disagreement are mentioned in the literature (Wang et al. 2010) . In addition, this model ignores secondary effects, charge transfer, and the cascading effect of ions implanted in seeds, and therefore has room for modification and improvement. Compared to the computational model in the literature (Wang et al. 2011 ), the present model is more realistic, owing to its consideration of the randomness of the target layer density. The results from the present model are closer to experimental values. Fig. 3 h-i shows the systematic simulation results for the range distributions of N + , H + , and Ar + ions implanted into peanuts, cotton, and wheat. Table 3 lists experimental results (Lu et al. 2005 , Wang et al. 2002 , Yang 2005 , Wei et al. 2003 and the simulation results Wang 2005, 2011 ) from one dimensional model and two dimensional model, as well as the simulation results from this work. Obviously, the effects of different injection methods on the ion distribution may exceed the effects of the energy.
From Fig. 3 and Table 3 , it appears that the energies and ion fluxes are all same, and that when the average target density is higher, the most probable range and the maximum range are smaller. For the same target material, the same energy, and the same ion, when the flux of ions increases, the maximum range also increases. Therefore, the ion penetration range distribution is affected by several experimental factors, including the energy, fluence, and injection mode, which in particular requires further research. , and Ar + ions into peanut, cotton, and wheat seeds by the pulse injection mode. By comparing with the model in the literature (Wang et al. 2005 (Wang et al. , 2010 (Wang et al. and 2011 , various influencing factors are identified, such as the ion energy, fluence, injection mode, random step diameter of ions, random scattering angle, and inhomogeneity of the plant seed. This simulation model is closer than previous models to the actual situation for ions implanted into seeds. If the secondary effects of ion implantation are taken into account, this model can be further modified and improved.
Taking into consideration the unique microstructure of plant seeds, a microscopic model of the seed material and an operational flow are designed using the FORTRAN programming language. The range distribution is simulated for V + , Ti + , and Fe + ions with different energies and , and Ar + ions in peanut, cotton, and wheat seeds, thus demonstrating that it provides a new method to calculate the range distribution for ions with low energy implanted into plant seeds.
